The microstructural changes occurring during yielding of ultrafine-grained medium Mn transformation-induced plasticity steel intercritically annealed at 873 K and 923 K (600°C and 650°C) were analyzed by transmission electron microscopy. The tensile properties and the work hardening behavior of the 7 wt pct Mn steel were found to have a pronounced dependence on the intercritical annealing temperature. A low intercritical annealing temperature of 873 K (600°C) resulted in a martensite-free ultrafine-grained two-phase microstructure consisting of ferrite and austenite. After annealing at 923 K (650°C), the ultrafine microstructure contained ferrite, low stability retained austenite, and athermal martensite. Yielding of the steel annealed at 873 K (600°C) was associated with the initiation and propagation of Lu¨ders deformation bands, whereas yielding of the steel annealed at 923 K (650°C) was initiated at a lower tensile stress by stress-induced austenite transformation. The progression of the martensite transformation during yielding strongly suggests that the yielding and strain hardening of ultrafine-grained medium Mn transformation-induced steel are controlled by the stability of the ultrafine-grained austenite phase. Suppression of plastic flow localization is achieved when the UFG steel has an initially high rate of strain hardening resulting from transformation-initiated yielding.
I. INTRODUCTION
THE development of advanced high strength steel (AHSS) grades with property combinations required for modern automotive body designs is driven by the need for vehicle mass reduction, fuel efficiency, and low greenhouse gas emissions, while improving passenger safety. [1] [2] [3] [4] The first-generation AHSS automotive grades, such as dual-phase, transformation-induced plasticity and complex-phase steels, had multi-phase microstructures with varying volume fractions of the low temperature austenite decomposition products including bainite, martensite, and carbon-enriched austenite. Secondgeneration AHSS include high Mn fully austenitic steels, such as twinning-induced plasticity (TWIP) steel, which exhibit combinations of high strength with superior ductility. [5] [6] [7] However, room temperature stabilization of the fully austenitic microstructure of TWIP steels requires high contents of Mn, Al, and C. In addition, several processing and application issues need to be addressed before large-scale industrial production and use of TWIP steel in automotive manufacturing are considered. There is therefore considerable interest in the development of third-generation medium Mn multiphase steel grades containing 5 to 10 wt pct Mn with large volume fractions of meta-stable retained austenite. The medium Mn steels have an ultrafine-grained (UFG) microstructure [8] [9] [10] [11] and routinely achieve combinations of ultimate tensile stress (UTS) and total elongation (TE) superior to those of the first-generation AHSS grades. UFG microstructures are achieved by martensite reversion during an intercritical annealing heat treatment after cold rolling. Steels with a sub-micron grain size typically achieve very high strengths, but they have very limited strain hardening and, as a consequence, low elongations. The UFG medium Mn TRIP steels containing 5 to 10 wt pct Mn have superior mechanical properties due to the occurrence of a deformation-induced martensitic transformation. The size of the UFG retained austenite islands and the partitioning of Mn and C to austenite during intercritical annealing are the two main contributions to the austenite stability, and mechanical stabilization of the austenite does not contribute to the austenite stability due to the very low dislocation density of the austenite grains. [12] [13] [14] [15] The processing path-dependent tensile properties and work hardening behavior of UFG medium Mn TRIP steel are not yet fully understood. Localization of plastic flow is often observed during the deformation of medium Mn TRIP steel after intercritical annealing in a specific temperature range, usually the lower temperature region of the intercritical range. The transmission electron microscopy (TEM) investigation reported here was undertaken to provide insight into the strain hardening behavior of UFG medium Mn TRIP steel and to identify the source of the often-observed appearance of strain localization, a deformation characteristic which may limit application of these steels in the automotive industry. The present study emphasizes the yielding behavior to determine the origin of the pronounced sensitivity of the steels to changes in the intercritical annealing temperature. Data are presented on medium Mn steel processed at two different intercritical temperatures to create microstructures which, on yielding, exhibit either a yield point elongation or homogeneous deformation.
II. EXPERIMENTAL
UFG medium Mn TRIP steel containing 7 wt pct Mn, with the composition shown in Table I , was selected for the present work. The steel was produced by vacuum-induction melting followed by hot rolling to a thickness of 4 mm and air cooling. The panels were then surface ground and cold rolled to a final thickness of 1.5 mm. The cold-rolled sheets were intercritically annealed for 168 hours to enrich austenite in C and Mn, thereby increasing the austenite stability on cooling. The sheets were water quenched after annealing.
During cold rolling, the room temperature retained austenite transformed to martensite, resulting in a heavily cold worked ferrite-martensite structure. The intercritical annealing was a martensite reversion heat treatment which produced a recrystallized UFG ferriteaustenite microstructure with Mn-and C-enriched austenite. Two annealing temperatures were utilized: 873 K and 923 K (600°C and 650°C). The calculated equilibrium intercritical compositions of the ferrite and austenite phase as obtained by ThermoCalc and the corresponding calculated room temperature stacking fault energy (SFE) of the retained austenite islands [16] [17] [18] are listed in Table II . Note that a negative value for the SFE implies that the bulk austenite phase was thermodynamically unstable at room temperature; more negative values for the SFE indicate a lower austenite stability with respect to e-martensite formation. The effectiveness of the Mn enrichment is illustrated in Figure 1 , which reveals a Mn content of approximately 14 wt pct in austenite and 3 wt pct in the neighboring ferrite. Both values are close to the equilibrium values according to the ThermoCalc calculations.
Quasi-static tensile tests were carried out using standard ASTM E-8 sub-size samples deformed at a constant engineering strain rate of 5.74 9 10 À4 s À1 . TEM foils were prepared by polishing samples to a thickness less than 80 lm, followed by twin-jet electropolishing at room temperature. The TEM specimens were observed in a high resolution transmission electron microscope operated at 200 kV. The austenite volume fractions were measured by neutron diffraction using a method presented earlier. [4] III. RESULTS Figure 2 (a) presents the uniaxial true stress-true strain properties for the steel intercritically annealed at 873 K and 923 K (600°C and 650°C). The steel annealed at 873 K (600°C) exhibited a sharp yield point at about 700 MPa, discontinuous yielding, a unique work hardening region in which the strain hardening increased, a characteristic often associated with transformation of austenite to martensite with strain, and a region of parabolic hardening interrupted by instabilities revealed by spikes in stress. In contrast, the steel annealed at 923 K (650°C) exhibited a much lower yield point and a limited region where the work hardening rate increased with strain. The major part of the stress-strain curve was characterized by parabolic hardening where the strain hardening decreases with strain. Figure 2 (b) compares further the differences in work hardening between the two steels in plots of rAEdr/de vs true stress. It shows multiple instabilities in the flow curve of the steel after intercritical annealing at 873 K (600°C). In contrast, the annealing treatment at 923 K (650°C) resulted in a continuous yielding behavior which started at a much lower stress. Plastic deformation of the sample was homogeneous with a high initial work hardening rate. The two gray bands in Figure 2 indicate the stress ranges where significant transformation of retained austenite to martensite occurred. The gray band between 250 and 400 MPa corresponds to the steel annealed at 923 K (650°C), while the band between 650 and 800 MPa corresponds to the steel annealed at 873 K (600°C). Figure 3 shows the austenite transformation kinetics with strain as obtained from in situ neutron diffraction measurements. These data are also correlated with the gray bands shown in Figure 2 . In the steel annealed at 923 K (650°C), rapid stress-assisted Table I . Composition of UFG 7 wt pct Mn TRIP Steel in Wt Pct austenite transformation to martensite was associated with yielding. This resulted in the initial increase of the strain hardening with stress which is evident in Figure 2 .
For stress values greater than about 400 MPa, martensite continued to form, but the transformation rate decreased, leading to the parabolic work hardening region evident for the sample annealed at 923 K (650°C) in Figure 2 (a). In contrast, the transformation rate of the steel annealed at 873 K (600°C) continued over an extended range. TEM foils of the UFG medium Mn TRIP steel containing 7wt pct were analyzed in the undeformed state after annealing at 873 K and 923 K (600°C and 650°C) and after a small amount of post-yielding deformation. Representative TEM observations made for the steel heat treated at 873 K (600°C) are shown in Figure 4 . Both ferrite (Figure 4(a) ) and austenite ( Figure 4 (b)) were fully recrystallized and often entirely dislocation free. Ferrite grains contained coarse carbide precipitates due to the very low C solubility in ferrite. Austenite islands contained stacking faults and, less frequently, recrystallization twins. No martensite constituent was present in the microstructure in the asannealed condition. The microstructure after the yield point elongation, at a strain of 6.8 pct, is illustrated in Figure 5 . The TEM micrographs show that the ferrite contained a high density of dislocations ( Figure 5(a) ) and that the austenite contained a high density of planar faults. Analysis of most h110ic-type zone axis electron diffraction patterns, such as the one shown in Figure 5(b) , revealed that the planar faults were not associated with a phase transformation save for the single e-martensite plate observed. The analysis of the planar faults in two retained austenite islands is shown in Figure 6 . The characteristic fringe contrast of the faults is consistent with the presence of stacking faults on inclined {111}c-type glide planes. The TEM micrograph in Figure 6 (a) illustrates the only case in which a plate of e-martensite was observed in austenite in addition to the high density of stacking faults. During the yield point deformation, the austenite islands therefore deformed by glide of isolated partial dislocations trailing stacking faults and no significant deformationinduced transformation of the austenite islands to martensite appeared to have taken place during the yield point elongation of 6.8%. Further deformation beyond the yield point elongation to 10 pct strain resulted in austenite transformation. In the TEM micrograph of Figure 7 , the austenite island contains a high density of thin parallel e-martensite plates, which locally nucleated a¢-martensite.
a¢-martensite was always associated with e-martensite and confined to regions containing e-martensite plates. Similar observations have been reported previously for austenitic stainless steels in which the formation of a¢-martensite is believed to require the intersection of microscopic shear bands such as stacking faults and e-martensite plates. [19] T IA : 873K (600°C) The TEM observations made on the steel heat treated at 923 K (650°C) (Figure 8 ) revealed an entirely different microstructure both before and after yielding. Although no quantitative determination of the dislocation density in the ferrite grains (Figure 8(a) ) was carried out, it was clearly higher after intercritically annealing at 923 K (650°C) compared to annealing at 873 K (600°C). The austenite islands (Figure 8(b) ) contained stacking faults and often appeared to have partially transformed in an athermal manner to e-martensite and a¢-martensite. Both types of martensite were clearly visible in the microstructure, and a¢-martensite was always associated with regions containing e-martensite. Some austenite grains appeared to be almost fully transformed to martensite, as illustrated in Figure 9 . Note that the e-martensite and a¢-martensite reflections were always observed simultaneously in the electron diffraction patterns, suggesting that the formation of e-martensite was required to nucleate a¢-martensite.
The post-yield point microstructure of the UFG medium Mn TRIP steel annealed at 923K (650°C) and strained to 2 pct is illustrated in Figures 10 and 11 . The TEM micrographs of the two ferrite grains shown in Figure 10 illustrate the emission of dislocations from ferrite-martensite grain boundaries. The retained austenite shown in Figure 11 reveals that yielding of this particular austenite grain was associated with wide stacking faults and the formation of two e-martensite variants. yield point elongation regime, both the ferrite and the austenite phases deformed plastically by glide. The plastic flow in austenite had a pronounced planar nature as only partial dislocations trailing stacking faults were observed in austenite islands. Medium Mn steel intercritically annealed at 923 K (650°C), on the other hand, yielded in a continuous manner and the deformation remained homogeneous during further straining. TEM analysis revealed that yielding was associated with stress-induced formation of e-martensite in this case. The TEM observations show that the yielding behavior is likely controlled by the thermodynamic stability of the austenite islands in the microstructure. The two schematics of Figure 12 illustrate the relationships between the deformation behavior and the TEM observations. It presents schematics for the steel annealed at 873 K (600°C, Figure 12(a) ) and 923 K (650°C, Figure 12(b) ). Each figure includes a schematic stressstrain curve, presented with a gray background, and a schematic for the temperature dependence of the yield stress, with a white background, in which the critical temperatures associated with athermal and deformation-induced martensite are shown. M s is the athermal martensite start temperature. M s r is the temperature separating the M s -M s r temperature range, where stressassisted transformation of austenite to martensite takes place, from the M s r -M d temperature range, where straininduced transformation to martensite occurs. No transformation takes place at temperatures higher than the M d temperature.
IV. DISCUSSION
In the M s -M s r temperature range, martensite nucleation on existing nucleation sites is enhanced by stress. In the M s r -M d temperature range, martensite formation occurs on nucleation sites introduced by plastic deformation, such as slip band intersections.
The schematic shows that the location of room temperature (RT) relative to the M s r temperature controls the transformation mode and the yielding behavior. After annealing at 873 K (600°C), three Fig. 7 -Analysis of the planar faults in retained austenite islands in 7 wt pct Mn UFG TRIP steel annealed at 873 K (600°C) and strained beyond the yield point elongation to a strain of 10 pct. The austenite island contains a high density of thin e-martensite plates, which locally nucleated a¢-martensite. The arrows in the diffraction patterns are reflections characteristic of the martensite constituents, {011}a¢-type and {0001}e-type reflections. Fig. 8 -Bright field TEM micrograph of a typical ferrite grain (a) and a retained austenite island (b) in 7 wt pct Mn UFG TRIP steel annealed at 923 K (650°C). The austenite island contains stacking faults and thin e-martensite plates. Fig. 9 -Bright field TEM micrograph of a retained austenite island almost fully transformed to e-martensite and a¢-martensite in 7 wt pct Mn UFG TRIP steel annealed at 923 K (650°C). The e-martensite and a¢-martensite reflections are always observed simultaneously in the electron diffraction patterns. The arrows indicate {111}c-,{110}a¢-, and {0001}e-type reflections. conditions are assumed to be fulfilled as illustrated in Figure 12 (a):
(1) The M s r temperature of the austenite is below room temperature due to the influence of the high C and Mn content on the austenite stability.
(2) As a result of the high C content of the austenite, the yield strength of the austenite is higher than the yield strength of the ferrite. (3) The ferrite has a very low dislocation density and room temperature static strain aging has taken place.
These conditions promote yielding by nucleation and propagation of Lu¨ders bands, without transformation of austenite during the yield point elongation as the deformation is at constant stress during the Lu¨ders deformation.
After annealing at 923 K (650°C), the room temperature microstructure contains martensite constituents in addition to ferrite and retained austenite. The a¢-martensite formed during the post-annealing cooling results in a high dislocation density in the ferrite. This provides sufficient mobile dislocations to suppress static strain aging and leads to a reduction in the ferrite yield stress.
As shown in Figure 12 (b), the following conditions apply in this case:
a. The M s r temperature of untransformed austenite is above room temperature. b. The M s temperature of untransformed austenite is below room temperature. This is assumed to be due the low temperature partitioning of C from athermal martensite to untransformed austenite. c. The yield strength of ferrite is higher than the stress required for stress-induced transformation of austenite.
In these conditions, the yielding will be initiated by the stress-induced transformation of the untransformed austenite, with the resulting TRIP effect suppressing the localization of plastic deformation.
The present study has shown that the intercritical annealing temperature dependence of the yielding behavior of UFG medium Mn steel has a pronounced dependence on the stability of the UFG austenite islands. While some essential observations have allowed the formulation of a reasonable qualitative explanation for the pronounced heat treatment dependence of the mechanical properties of UFG medium Mn TRIP steel, the mechanical behavior of this class of steel remains complex.
A number of additional TEM observations have identified specific microstructural features which may lead to a better understanding of the mechanical behavior of the UFG 7 wt pct Mn TRIP steel in a fundamental manner. These observations, which are currently the subject of ongoing work, are the following: (a) the plastic deformation in the retained austenite island appears to be only glide of partial dislocations, (b) deformation-induced twinning, which is very commonly observed in coarse-grained high Mn austenitic steel, was not observed to have taken place, (c) an unexpected large elongation was achieved despite the low rate of strain hardening of the steel annealed at 873 K (600°C), and (d) the elongation of the steel annealed at 923 K (650°C) was smaller. The last observation is very likely related to the low SFE of the retained austenite and the formation of a high volume fraction of e-martensite rather than a¢-martensite or twins during straining. Further in-depth analysis is required to confirm this.
V. CONCLUSIONS
The yielding behavior of UFG 7 wt pct Mn TRIP steel was analyzed by TEM, and the main findings of the present study are as follows:
1. The intercritical annealing temperature had a pronounced influence on the stability and the yield strength of the UFG retained austenite as the annealing temperature controlled the C and Mn content of the retained austenite. 2. A low intercritical annealing temperature of 873 K (600°C) resulted in a martensite-free two-phase ferrite-austenite microstructure with a high stability austenite. After intercritical annealing at a temperature of 923 K (650°C), the microstructure contained ferrite, a¢-martensite, e-martensite, and a low stability retained austenite. 3. The yielding of UFG 7 wt pct Mn TRIP steel annealed at 873 K (600°C) proceeded by Lu¨ders band nucleation and propagation at constant stress. Yielding was initiated by the plastic deformation of ferrite. In the yield point elongation range, the austenite deformed by the glide of partial dislocations trailing stacking faults. Strain-induced transformation of the austenite phase took place after the yield point elongation. 4. The UFG 7 wt pct Mn TRIP steel annealed at 923 K (650°C) yielded by the stress-induced transformation of the retained austenite islands.
The findings strongly suggest that the yielding and strain hardening behavior of UFG 7 wt pct Mn TRIP steel is determined by the UFG austenite phase stability, as it relates to the position of the M s r temperature relative to room temperature. When the M s r temperature is higher than room temperature, plastic flow localization is suppressed by yielding initiated by stress-induced transformation.
